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13.  abstract  (MjjtimufTi  JOO  words) 

During  this  funding  period  the  work  focused  on  understanding  the  origin  of  defects 
in  GaN  grown  by  the  ECR-MBE  method  and  studied  their  role  transport,  optical  and 
recombination  properties.  More  specifically  from  EPR  studies  we  deduced  the 
effective  mass  of  the  zincblende  structure  of  GaN  to  be  m*=0.15  mQ. 

Photoluminescence  studies  indicate  that  the  concentration  of  defect  states  at  2.2eV 
is  higher  on  films  grown  at  higher  microwave  power.  The  role  of  hydrogen  in  the 
de-activation  of  p-type  doping  was  investigated  by  introducing  hydrogen  in  Mg-doped 
films  after  their  growth.  The  doping  activity  is  restore-d  upon  annealing  the 
hydrogen.  TEM  studies  of  GaN  film  grown  on  Silicon  was  completed  and  reveal  that  j 
the  majority  of  defects  are  stacking  faults,  microtwins  and  localized  regions 
having  the  wurtzite  structure.  In  the  device  area  we  investigate  the  RIE  of 
GaN  in  various  reactive  gases. 
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1  Summary  of  results  during  the  funding  period 

During  the  funding  period  we  investigated  the  following  topics: 

1.1  Conduction-electron  spin  resonance  in  zinc-blende  GaN  thin 
films 

We  report  electron-spin-resonance  measurements  on  ainc-blende  GaN.  The  observed  reso¬ 
nance  has  and  isotropic  g  value  of  1.9533  db  0.0008  independent  of  temperature,  a  Lorentzian 
line  shape,  and  a  linewidth  (18  G  at  10  K)  which  depends  on  temperature.  The  spin-lattice 
relaxation  time  at  10  K  was  estimated  to  be  Ti,  =  (6:h2)  x  10~‘  sec.  Using  a  five-band  model 
a  g  value  consistent  with  the  experimental  results  was  obtained  and  a  conduction-electron 
effective  mass  m^fmQ  =  0.15  ±  0.014  was  calculated.  The  observed  signal,  together  with 
conductivity  data,  was  attributed  to  nonlocalized  electrons  in  a  band  of  autodoping  centers 
and  in  the  conduction  band.  For  more  details  see  Appendix  A. 

1.2  Intensity  dependence  of  photoluminescence  in  GaN  thin  films 

We  report  the  intensity  dependence  of  band-gap  and  midgap  photoluminescence  in  GaN 
films  grown  by  electron  cyclotron  resonance  (£CR)  microwave  plasma-assisted  molecular 
beam  epitaxy.  We  find  that  the  band-gap  luminescence  depends  linearly  while  the  midgap 
luminescence  has  a  nonlinear  dependence  on  the  incident  light  intensity.  These  date  were 
compared  with  a  simple  recombiaation  model  which  assumes  a  density  of  recombmation 
centers  2.2  eV  below  the  conduction  band  edge.  The  concentration  of  these  centers  is  higher 
in  films  grown  at  higher  microwave  power  in  the  ECR  plasma.  For  more  details  see  Appendix 
B. 

1.3  Microstructures  of  GaN  Films  Deposited  on  (001)  and  (111) 
Si  Using  ECR-MBE 

The  microstructures  of  GaN  films,  grown  on  (001)  and  (111)  Si  substrates,  by  a  two-step 
method  using  ECR-MBE,  were  studied  by  electron  microscopy  techniques.  Films  grown  on 
(001)  Si  had  a  predominantly  sine-blende  structure.  The  GaN  buffer  layer,  grown  in  the  first 
deposition  step  accommodated  the  17%  lattice  mismatch  between  the  film  and  substrate  by 
a  combination  of  misoriented  domains  and  misfit  dislocations.  Beyond  the  buffer  layer,  the 
film  consisted  of  highly  oriented  domains  separated  by  inversion  domain  boundaries,  with  a 
substantial  decrease  in  the  defect  density  away  from  the  interface.  The  majority  of  defects  in 
the  film  were  stacking  faults,  microtwins  and  localised  regions  having  the  wurtzitic  structure. 
The  structure  of  the  GaN  films  grown  on  (111)  Si  was  found  to  be  primarily  wurtzitic,  with 
a  substantial  fraction  of  twinned  zinc-blende  phase.  Occasional  wurtzitic  grains,  misoriented 
by  a  30°  twist  along  the  [0001]  axis  were  also  observed.  For  more  details  see  Appendix  C. 
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1.4  Hydrogenation  of  Gallium  Nitride 

A  comparative  study  of  the  effects  of  hydrogen  in  n-type  (unintentionally  and  Si-doped) 
as  well  as  p-type  (Mg-doped)  MBE-grown  GaN  is  presented.  Hydrogenation  above  500°  C 
reduces  the  hole  concentration  at  room  temperature  in  the  p-type  material  by  one  order  of 
magnitude.  Three  different  microscopic  effects  of  hydrogen  are  suggested:  Passivation  of 
deep  defects  and  of  Mg-acceptors  due  to  formation  of  hydrogen-related  complexes  and  the 
introduction  of  a  hydrogen-related  donor  state  100  meV  below  the  conduction  band  edge. 
For  more  details  see  Appendix  D. 

1.5  Reactive  Ion  Etching  of  GaN  Thin  Films 

Reactive  ion  etching  of  GaN  grown  by  electron-cyclotron-resonance,  microwave  plasma- 
assisted  molecular  beam  epitaxy  on  (0001)  sapphire  substrates  was  investigated.  A  variety  of 
reactive  and  inert  gases  such  as  CCI3F3,  SFe,  CF4,  H3/CH4  mixtures,  CFaBr,  CFaBr/ Argon 
mixtures  and  Ar  were  investigated.  From  these  studies  we  conclude  that  of  the  halogen 
radicals  investigated.  Cl  and  Br  etch  GaN  more  effectively  than  F.  The  etching  rate  was 
found  to  increase  with  decreasing  pressure  at  a  constant  cathode  voltage,  a  result  attributed 
to  larger  mean  free  path  of  the  reactive  spedes.  For  more  details  see  Appendix  E. 
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Conduction-electron  spin  resonance  in  zinc-blende  GaN  thin  films 

M.  Fanciulli  and  T.  Lei 

Department  of  Physics,  Boston  University,  Boston,  Massachusetts  02215 
T.  D.  Moustakas 

Department  of  Physics  and  Department  of  Electrical,  Computer  and  Systems  Engineering, 

Boston  University,  Boston,  Massachusetts  0221 5 
(Received  8  July  1993) 

We  report  electron-spin-resonance  measurements  on  zinc-blende  GaN.  The  observed  resonance  has 
an  isotropic  g  value  of  1.9533+0.0008  independent  of  temperature,  a  Lorentzian  line  shape,  and  a 
linewidth  (18  G  at  10  K)  which  depends  on  temperature.  The  spin-lattice  relaxation  time  at  10  K  was  es¬ 
timated  to  be  T^,  =  i.6±2)X  10~’  sec.  Using  a  five-band  model  ag  value  consistent  with  the  experimental 
results  was  obtained  and  a  conduction-electron  effective  mass  m  *  /m^  =  Q.  15±0.01  was  calculated.  The 
observed  signal,  together  with  conductivity  data,  was  attributed  to  nonlocalized  electrons  in  a  band  of 
autodoping  centers  and  in  the  conduction  band. 


I.  INTRODUCTION 

Gallium  nitride  is  a  wide-band-gap  semiconductor 
which  is  anticipated  to  find  applications  for  optical  de¬ 
vices  (light-emitting  diodes,  lasers,  detectors)  in  the  near 
uv  region  of  the  electromagnetic  spectrum  and  electronic 
devices  for  high-power,  high-frequency,  and  high- 
temperature  applications.  GaN  was  found  to  exist  in  two 
allotropic  forms.  The  wurtzite  structure  is  the  thermo¬ 
dynamically  stable  phase  and  has  an  optical  gap  of  3.5 
eV,'’^  while  the  zinc-blende  structure  is  a  metastable 
phase  which  can  be  formed  by  epitaxial  stabilization^'^ 
and  has  an  optical  gap  of  3.2  eV.^  In  both  cases  the  ma¬ 
terial  is  found  to  be  heavily  autodoped  n  type,  a  result  at¬ 
tributed  to  nitrogen  vacancies.’  In  general,  the  electron 
concentration  is  in  the  range  of  lO'^- 10^°  cm~’. 

In  this  paper  we  report  electron-spin-resonance  (ESR) 
studies  in  autodoped  «-type  zinc-blende  GaN  thin  films. 
The  data  were  correlated  with  electrical  conductivity 
measurements  and  from  their  analysis  the  nature  of  the 
resonance  was  determined.  The  measured  g  value  was 
found  to  be  n  agreement  with  theoretical  predictions 
based  on  a  five-band  model  k  p  calculation.  The  same 
calculation  was  also  used  to  predict  the  electron  effective 
mass. 

II.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  GaN  films  were  grown  by  electron-cyclotron- 
resonance  microwave  plasma-assisted  molecular-beam- 
epitaxy  (MBE).  Epitaxial  stabilization  of  the  zinc-blende 
structure  was  accomplished  by  using  a  two-temperature 
step  process  on  Sid  00).  In  this  process  a  200- A  GaN 
buffer  was  grown  at  400  °C  and  the  rest  of  the  film,  4  /rm 
thick,  was  grown  at  600  °C.  Both  heavily  autodoped  and 
semi-insulating  GaN  films  were  fabricated  and  investigat¬ 
ed.  Transport  studies  in  these  films*  show  that  the  con¬ 
ductivity  is  dominated  by  the  high-quality  top  layer  rath¬ 
er  than  by  the  GaN  buffer.  Details  on  the  growth  are 


given  elsewhere.’’^  Structural  studies  (reflection  high- 
energy  electron  diffraction,  electron  diffraction,  and  x-ray 
diffraction)  show  that  the  films  are  single  crystals  having 
the  zinc-blende  structure  with  lattice  constant  4.5  A.’’^ 
To  conduct  optical,  transport,  and  spin-resonance  mea¬ 
surements,  self-standing  GaN  flakes  were  obtained  by  dis¬ 
solving  the  Si  substrate  with  a  solution  of  HNO3  and  HE. 
The  optical  gap  of  the  films  was  determined  by  transmis¬ 
sion  measurements  and  found  to  be  3.2  eV.*  The  electri¬ 
cal  conductivity  of  one  of  the  investigated  films,  deter¬ 
mined  by  four  probe  measurements  using  sputtered  A1 
contacts,  is  shown  as  a  function  of  l/T  in  Fig.  1.  The 
data  fit  the  expression 

a=a|exp(  — Ei/kD-HcT-jexpl  — Ej/kD  ,  (1) 


where  the  activation  energies  Ej  and  E3  are  25  and  0.5 
meV,  respectively. 

Hall-effect  measurements  show  that  the  films  are  n 
type;  however,  we  were  unable  to  perform  accurate  mea¬ 
surements  of  the  carrier  concentration  on  these  self¬ 
standing  GaN  flakes.  Based  on  our  studies  of  wurtzite 
GaN  films,*  we  anticipate  that  the  investigated  films  have 
room-temperature  carrier  concentration  of  the  order  of 
10’^- 10'®  cm“’.  The  data  of  Fig.  1  are  consistent  with 
transport  in  the  conduction  band  at  temperatures  higher 
than  about  50  K  and  transport  in  a  band  of  shallow 
donors  at  lower  temperatures.  ’ 

The  nature  of  these  shallow  donors  is  still  controver¬ 
sial.  They  have  been  observed  in  GaN  films  produced  by 
various  deposition  methods  and  attributed  by  early  work¬ 
ers  to  nitrogen  vacancies.’  Our  thin-film  growth  studies 
support  this  hypothesis.  Since  our  films  are  grown  at 
temperatures  below  the  decomposition  temperature  of 
GaN,  their  stoichiometry  can  be  controlled  by  varying 
the  nitrogen  overpressure  during  growth.  At  low  active 
nitrogen  overpressure  we  find  that  the  films  are  n  type 
with  carrier  concentration  between  10'®-10^°  cm~’. 
Such  films  tend  also  to  be  decorated  with  gallium  drop- 
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FIG.  1.  Conductivity  of  GaN  as  a  function  of  1000/T. 


lets,  a  result  which  we  attribute  to  phase  separation  of  ex- 
cess  gallium,  presumably  due  to  the  narrow  existence 
phase  diagram  of  GaN.  On  the  contrary,  films  produced 
under  high  nitrogen  overpressure  have  carrier  concentra¬ 
tion  between  10’*-10'^  cm~^  and  their  surface  is  free  of 
gallium  droplets.  This  trend  is  consistent  with  the  forma¬ 
tion  of  nitrogen  vacancies  during  growth  and,  if  their 
concentration  is  very  high,  some  gallium  is  phase  separat¬ 
ed  in  order  for  the  material  to  maintain  the  stoichiometry 
allowed  by  its  phase  diagram.  The  samples  investigated 
in  this  paper  were  free  of  any  gallium  droplets.  Addition¬ 
ally,  there  is  also  theoretical  support  that  the  nitrogen  va¬ 
cancy  in  GaN  is  a  shallow  donor.  Tight-binding  calcula¬ 
tions  by  Jenkins  and  Dow*  have  shown  that  the  neutral 
unrelaxed  N  vacancy  is  a  shallow  donor  with  its  singly 
occupied  p-like  level  (Tj)  in  the  conduction  band  and  its 
doubly  occupied  s-like  level  ( ,4 ,)  in  the  band  gap  close  to 
the  conduction-band  edge.  It  is  anticipated  that  lattice 
relaxation  should  shift  the  singly  occupied  level  in  the  en¬ 
ergy  gap. 

ESR  measurements  were  performed  at  different  tem¬ 
peratures  in  a  Varian  E9  spectrometer  at  9.3  GHz,  100- 
kHz  modulation  frequency,  and  0.5-1.0-G  modulation 
amplitude.  An  a,a’-diphenyl-i3-picrylhydrazyl  reference 
was  used  to  evaluate  the  g  value.  Figure  2  shows  the  ESR 
spectrum  at  10  K  of  the  same  sample  discussed  in  Fig.  1. 
This  resonance  has  an  isotropic  g  value  of  1.9533  ±0.0008 
independent  of  temperature.  The  shape  of  the  line  is 
Loren tzian  and  the  peak-to-peak  linewidth  (A/fpp  =  I8±l 
G  at  10  K)  has  a  temperature  dependence  shown  in  Fig. 
3.  The  broadening  of  the  line  with  the  increase  in  tem¬ 
perature  prevented  us  from  observing  the  resonance  at 
temperatures  higher  than  110  K.  The  temperature 
dependence  of  the  elcctron-paramagnetic-resonance 
(EPR)  intensity  is  shown  in  Fig.  4. 

From  the  saturation  behavior  of  the  resonance  we  es¬ 
timated  a  spin-lattice  relaxation  time,  at  10  K,  of 
(6±2)X10~’  sec.  No  ESR  signal  was  observed  in  semi- 
insulating  GaN  films. 

To  discuss  the  nature  of  the  observed  resonance  we 
should  first  rule  out  that  such  a  signal  is  not  due  to  either 
plasma  resonance  or  cyclotron  resonance.  Plasma  reso¬ 
nance  is  ruled  out  based  on  the  prediction  of  Dresselhaus, 


FIG.  2.  First  derivative  absorption  resonance  line  at  10  K 
and  Lorentzian  best  fit. 


T  [K] 


FIG.  3.  Peak  to  peak  linewidth  Ai/,,  as  a  function  of  temper¬ 
ature. 


FIG.  4.  Intensity  of  the  EPR  signal  as  a  function  of  tempera¬ 
ture  (normalized  to  the  value  obtained  at  5  K). 
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Kip,  and  Kittel’  that  the  resonance  moves  to  lower  mag¬ 
netic  field  as  the  frequency  is  increased.  To  test  this  we 
varied  the  microwave  frequency  in  our  experiment  from 
9.3  to  9.5  GHz  and  observed  that  the  resonance  moved  to 
higher  magnetic  field  instead.  Electron  cyclotron  reso¬ 
nance  also  is  ruled  out  since,  assuming  an  effective  mass 
similar  to  that  of  wurtzite  GaN  (m  *//nQ=0. 20±0.02) 
(Ref.  10)  the  resonance  should  occur  at  a  magnetic  field 
~5  times  smaller  than  it  was  actually  observed;  more¬ 
over,  a  mobility  three  orders  of  magnitude  larger  than  the 
value  reported  in  similarly  prepared  GaN  films*  would  be 
required  to  obtain  a  distinctive  signal  in  the  X  band. 

The  observed  resonance  is  therefore  related  to  the  ESR 
signal  whose  origin  is  due  either  to  deep  localized  defects 
(intrinsic  or  impurities),  or  to  delocalized  electrons  due  to 
the  shallow  donors  discussed  earlier.  However,  the  tem¬ 
perature  dependence  of  the  EPR  intensity,  shown  in  Fig. 
4,  does  not  follow  the  Curie-Weiss  law  suggesting  that 
the  electrons  responsible  for  the  observed  resonance  are 
not  localized  in  deep  defects.  Additional  arguments  in 
favor  of  this  conclusion  are  the  lack  of  hyperfine  or 
superhyperfine  structure,  expected  for  localized  electrons 
in  intrinsic  defects  of  III-V  semiconductors,  and  the  lack 
of  ESR  signal  in  highly  resistive  films.  The  observed  tem¬ 
perature  dependence  of  the  resonance  intensity  is  not 
consistent  with  either  a  Curie  or  a  Pauli  paramagnetism. 
We  can  only  speculate  that  the  observed  intermediate  re¬ 
gime  is  related  to  the  fact  that  the  concentration  of  car¬ 
riers  in  the  band  of  the  shallow  donors  as  well  as  in  the 
conduction  band  depend  on  temperature. 

These  findings,  together  with  the  conductivity  data, 
suggest  that  the  observed  EPR  signal  at  temperatures  less 
than  50  K  is  due  to  delocalized  electrons  in  the  band  of 
the  previously  discussed  shallow  donors  and  at  tempera¬ 
tures  higher  than  50  K  to  electrons  thermally  activated 
into  the  conduction  band.  The  fact  that  we  did  not  ob¬ 
serve  a  change  in  the  g  value  as  a  function  of  temperature 
suggests  that,  to  within  the  experimental  accuracy,  the  g 
value  is  the  same  in  both  bands. 

It  is  interesting  to  compare  our  experimental  result  of 
the  electron  g  value  with  theoretical  predictions  based  on 
the  five-band  model  k-p  calculation' and  estimate  the 
electron  effective  mass.  According  to  this  model  the  g 
value  and  the  electron  effective  mass  are  given  by  the  ex¬ 
pressions 
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where  Ag=r8„-r7„,  Ao-r8^-r7^,  £o  =  rg^-r3„,  and 
according  to  Chadi,  Clark,  and  Burnham'^ 
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Hermann  and  Weisbuch''*  presented  an  estimate  of  P' 
based  on  simplified  linear  combination  of  atomic  orbitals, 


2(1-S-) 


(6) 


where  is  the  polarity  and  S  is  the  overlap  term'^  and  17 
is  a  best-fit  parameter  77  =  ( 1.04x0.07  )  X  10\ '■*  From 
this  expression,  with  ap=0.62  (Ref.  15)  and  5=0.5,''* 
one  obtains  for  GaN  Pj„,=28r2  eV.  With  the  fol¬ 
lowing  values  £0  =  3.2  eV,  Ag  =  0.009-0.016  eV,'*’ 
Ao=0.06-0.1  eV,''  £3  =  8. 7x0.3  eV,'«  L''  =  0.4,‘^  we 
obtained  g’  =  1.95x0.01  in  agreement  with  our  experi¬ 
mental  result.  The  electron  effective-mass  calculation 
yields  a  value  of  m  * /mg  =0. 15±0.01,  a  value  close  to 
that  measured  experimentally  for  GaN  films  having  the 
wurtzite  structure  [w  ’/mg  =0. 20±0.02  (Ref  10)]. 

A  brief  comment  on  the  utilized  values  for  Ag,  5,  and 
A.^  is  necessary  in  order  to  put  the  previous  calculation  in 
the  right  perspective.  Since  the  number  and  orientation 
of  nearest  and  next-nearest  neighbors  are  the  same  in  the 
wurtzite  and  in  the  zinc-blende  structures,  the  value  of 
the  spin-orbit  splitting  Ag  for  zinc-blende  GaN  should 
not  be  significantly  different  from  the  value  evaluated  for 
the  wurtzite  structure.  The  latter  is  known'*  and  used  in 
our  calculation.  The  overlap  integral  S  and  the  parame¬ 
ter  depend  primarily  on  the  ionicity  of  the  bond.  GaN 
is  the  most  ionic  of  the  III-V  compounds;  however,  its 
ionicity  is  close  to  the  value  for  InP  for  which  researchers 
have  used  S  =  0. 5  (Ref.  14)  and  A‘  =  0.4. 

The  possible  interaction  mechanisms  responsible  for 
the  spin-lattice  relaxation  rates  of  conduction  electrons 
have  been  discussed  by  several  authors.'^”*'  As  pointed 
out  by  Yafet^'  the  dominant  relaxation  process,  at  least  at 
not  too  low  temperatures  where  the  spin-current  interac¬ 
tion  should  dominate,  is  the  phonon  modulation  of  the 
spin-orbit  coupling.  This  mechanism  gives  the  following 
spin-lattice  relaxation  rate;"" 


2 

pu^ 


2m*  kT 


(7) 


where  p  is  the  density,  u  the  sound  velocity,  and,  for  a  po¬ 
lar  semiconductor,  D —  Cfbgiir /am* Eq)  with  C  being 
the  deformation  potential,  /  the  relative  strength  of  the- 
crystal  potential  that  is  odd  under  inversion,  8g  the  g 
shift,  a  a  parameter  of  the  order  of  the  lattice  constant, 
and  Eq  the  optical  gap.  Using  values  appropriate  to  cu¬ 
bic  GaN  j^  =  6. 1  gcm“^,  u  =6.9X10^  msec"',  C~13 
eV,'^V=l  (Ref  ID]  we  find  £,,-9X10"^  sec  at  10  K 
in  general  agreement  with  our  experimental  result. 

In  the  effort  to  qualitatively  account  for  the  data  of 
Fig.  3  we  need  to  discuss  spin-spin  relaxation  mecha¬ 
nisms  which  determine  £7^  and  thus  the  magnitude  of 
the  linewidth  AH^^.  The  analysis  of  the  matrix  elements 
which  contribute  to  £^',  for  the  relaxation  mechanism 
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previously  discussed,  show  the  same  k  and  q  dependence 
as  the  matrix  elements  used  for  7,’/.  Therefore,  7,^  and 
Tit  have  the  same  temperature  dependence.^'  K.  #ever 
Eq.  (7)  would  predict  a  difference  in  the  line,*'  ns  at  10 
and  100  K  by  a  factor  «300,  in  contrast  v  .  the  experi¬ 
mental  results  of  Fig.  4.  We  believe  that  this  disagree¬ 
ment  is  due  to  the  fact  that  additional  spin-spin  relaxa¬ 
tion  mecnanisms  set  in  ar  low  temperatures.  One 
relevant  relaxation  mecha  dsm  at  low  temperatures  is  the 
hopping  of  electrons  i  jm  one  site  to  another.  Such  a 
process  was  obseived  to  be  the  dominant  line-broadening 
mechanism  at  low  temperatures  in  heavily  doped  n-type 
silicon.  Our  conductivity  data  have  indicated  hopping 
conduction,  in  the  investigated  sample  at  temperatures 
below  50  K,  with  an  activation  energy  ej  =  0.5  meV  due 
to  overlap  of  the  shallow  donor  wave  functions  and  the 
presence  of  compensating  defects.’  In  the  case  of  hop¬ 
ping  motion  of  electrons,  the  linewidth  is  inversely  pro¬ 
portional  to  the  probability  p  of  the  phonon-assisted  tran¬ 
sition  from  one  center  to  another,  This 

probability  depends  on  temperature  as’  ’'* 


exp 


kT 


(8) 


III.  CONCLUSIONS 

In  conclusion,  we  reported  the  observation  of  an  elec¬ 
tron  spin  resonance  in  zinc-blende  gallium  nitride  thin 
films  produced  by  the  electron-cyclotron-resonance 
microwave-plasma-assisted  MBE  method.  The  EPR  sig¬ 
nal  was  attributed  to  electrons  predominantly  in  the  band 
of  autodoping  centers  (N  vacancies)  at  low  temperatures 
and  in  the  conduction  band  at  higher  temperatures. 
The  electron  g  value  was  found  to  be  1.9533±0.0008. 
Using  a  five-band  model  and  appropriate  parameters  for 
GaN  a  g  value  g*  =  1.95±0.01  in  agreement  with  the 
experimental  value  was  obtained  and  an  effective  mass 
m  * /mo  =0. 15x0.01  was  calculated. 

From  the  saturation  behavior  of  the  resonance  line  a 
spin-lattice  relaxation  time  of  the  order  of  10”^  sec  at  10 
K  was  estimated  in  general  agreement  with  the  theoreti¬ 
cal  value  predicted  considering  the  phonon  modulation  of 
the  spin-orbit  interaction  as  the  relaxation  mechanism. 
The  temperature  dependence  of  the  resonance  linewidth 
was  semiqualitatively  accounted  considering,  besides  the 
phonon  modu'ation  of  the  spin-orbit  interaction,  the  hop¬ 
ping  process  at  low  temperature  as  an  additional  spin- 
spin  relaxation  mechanism. 
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Therefore,  at  low  temperatures,  where  hopping  is  the 
dominant  broadening  mechanism,  one  should  observe  an 
increase  in  the  linewidth  as  the  temperature  decreases,  as 
perhaps  suggested  by  our  experimental  point  at  5  K. 
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We  report  the  intensity  dependence  of  band-gap  and  midgap  photoluminescence  in  GaN  films  grown 
by  electron  cyclotron  resonance  (ECR)  microwave  plasma-assisted  molecular  beam  epitaxy.  We  find 
that  the  band-gap  luminescence  depends  linearly  while  the  midgap  luminescence  has  a  nonlinear 
dependence  on  the  incident  light  intensity.  These  data  were  compared  with  a  simple  recombination 
model  which  assumes  a  density  of  recombination  centers  2.2  eV  below  the  conduction  band  edge. 
The  concentration  of  these  centers  is  higher  in  films  grown  at  higher  microwave  power  in  the  ECR 
plasma. 


Gallium  nitride  (GaN)  is  a  wide  direct  band-gap  semi¬ 
conductor  (£^  =  3.4  eV  at  300  K),  which  is  currently  being 
investigated  in  many  laboratories  for  its  potential  in  optical 
devices  (light  emitting  diodes,  lasers,  detectors)  operating  in 
the  blue-violet  ultraviolet  part  of  the  electromagnetic 
spectrum.*  The  performance  and  reliability  of  such  devices 
depends  critically  on  the  type  and  concentration  of  electronic 
defects,  whose  origin  is  the  heteroepitaxial  growth  (misfit 
dislocations  and  polarity  related  defects),  the  formation  of 
native  defects  (vacancies,  interstitials,  and  antisite  defects) 
and  the  incorporation  of  intentional  and  unintentional  impu¬ 
rities. 

Defects  in  semiconductors  can  be  studied  byaAfariety  of 
techniques,  principal  among  which  is  photoluminescence 
(PL),  a  method  which  has  been  used  extensively  for  the 
study  of  GaN  films.^  Photoluminescence  spectra  of  un¬ 
doped  GaN  films  generally  Show  a  sharp  peak  close  to  the 
energy  gap  of  the  semiconductor,  attributed  to  excitons 
bound  to  shallow  donors^  and  a  broader  peak  centered 
around  2.2  eV.'*'^  Various  models  have  been  advanced  to  ac¬ 
count  for  the  high  shallow  donor  concentration  in  uninten¬ 
tionally  doped  GaN.  The  prevailing  view  is  that  the  donors 
are  due  to  nitrogen  vacancies®  although  there  is  some  evi¬ 
dence  that  oxygen  impurities  can  also  act  as  substitutional 
donors.’  The  broad  yellow  luminescence  was  attributed  to 
electron  transitions  from  the  conduction  band  to  a  band  of 
deep  acceptor  states  placed  860  meV  above  the  valence  band 
edge.®  These  authors  presented  arguments  that  such  states  are 
introduced  by  carbon  impurities  in  the  films  while  Pankove 
ct  al.,*  who  observed  the  same  photoluminescence  band  in 
ion  implanted  GaN  samples,  attributed  the  deep  states  to  ion 
implantation  processes.  In  general,  the  existence  and  magni¬ 
tude  cf  the  yellow  luminescence  is  associated  with  defective 
GaN  films  and  the  ratio  of  the  yellow  luminescence  peak  to 
band-gap  luminescence  was  employed  as  a  criterion  of  the 
carbon  doping  effects  on  the  films®  or  the  ion  implantation 
related  damage.^ 

In  this  letter,  we  investigated  the  excitation  intensity  de¬ 
pendence  of  PL  from  undoped  GaN  films  and  found  that  the 
band-gap  luminescence  depends  linearly  while  the  yeUow 
luminescence  has  a  nonlinear  dependence  on  the  light  inten¬ 
sity.  Thus  the  use  of  the  ratio  of  yellow  to  band-gap  lumi¬ 
nescence  as  a  criterion  of  the  quality  of  the  GaN  films  is 


meaningless  unless  one  specifies  the  magnitude  of  the  em¬ 
ployed  excitation  light  intensity.  A  simple  recombination 
model  has  been  proposed  to  qualitatively  account  for  the 
observed  light  intensity  dependence  of  the  two  luminescence 
bands. 

The  GaN  films  used  in  this  study  were  grown  by  the 
electron  cyclotron  resonance  microwave  plasma-assisted  mo¬ 
lecular  beam  epitaxy  (ECR-MBE),  which  was  described  in 
detail  in  a  number  of  recent  papers.*'*®  Here,  we  present  only 
a  brief  description  of  the  growth  process.  All  the  films  were 
deposited  on  (0001)  sapphire  substrates,  whose  surface  after 
chemical  cleaning  and  thermal  outgassing,  is  converted  to 
AIN  by  exposing  it  to  an  ECR  activated  nitrogen  plasma.* 
The  films  were  deposited  by  the  two-step  growth  process  in 
which  a  GaN  buffer  of  about  300  A  thick  is  deposited  at 
500  "C  and  the  rest  of  the  film,  1  to  2  ptm  thick,  is  deposited 
at  800  °C.  This  two-step  growth  method  was  found  to  lead  to 
a  low  two-dimensional  nucleation  rate  and  a  high  lateral 
growth  rate  leading  to  films  with  relatively  smooth  surface 
morphology.*’*®  Power  in  the  ECR  discharge  was  the  main 
variable  during  the  growth  of  the  films  reported  in  this  letter. 
More  specifically  type  I  samples  were  grown  at  a  total  mi¬ 
crowave  power  of  20  W  while  type  II  samples  were  grown  at 
35  W.  The  transport  coefficients  of  two  representative 
samples  are  shown  in  Table  I. 

The  photoluminescence  was  excited  by  a  pulsed  NN  laser 
as  the  excitation  source.  The  laser  has  a  photon  energy  of 
3.678  eV  (337.1  nm),  pulse,  width  of  10  ns,  repetition  rate  of 
40  Hz  and  a  listed  peak  power  of  2o0  kW.  A  circular  aperture 
was  used  in  front  of  the  rectangular  collimated  beam  and  the 
resulting  output  was  focused  on  the  sample  using  a  lens.  A 
set  of  neutral  density  filters  was  used  to  attenuate  the  inci¬ 
dent  laser  intensity  for  studying  the  excitation  dependence  of 
PL  from  the  sample.  The  sample  was  held  on  a  cold  finger 
with  a  colloidal  suspension  of  graphite  which  also  acts  as  a 


TABLE  1.  Typical  values  for  the  room  temperature  carrier  concentration  and 
mobility  for  represenutive  type  I  and  type  II  samples. 


Power 

Carrier  cone. 

Mobility 

Sample 

(W) 

(cm’’) 

(cra^V's"') 

TVpe  I 

20  ■ 

1.0X10'*  ■ 

50 

Type  n 

35 

1.90X10” 

13.8 

336 


Appl.  Phys.  Lett.  64  (3),  17  January  1994 


0003-6951/94/64(3)/336/3/$6.00 


©  1994  American  Institute  of  Physics 


2  2.2  2.4  2.6  2.8  3  3.2  3.4 

Energy  (eV) 

FIG.  1.  PL  spectra  from  a  type  I  sample. 

good  heat  conductor,  hence  preventing  the  sample  from  be¬ 
ing  heated  by  the  laser.  PL  was  collected  by  a  lens  and  fo¬ 
cused  on  the  entrance  slits  :  0.25-ra  grating  spectrometer. 
A  Hamamatsu  photomultiplier  (R-928)  was  used  as  the  de¬ 
tector  and  its  output  was  read  by  a  lock-in  amplifier.  The 
spectra  were  jiot  corrected  for  the  spectral  response  of  the 
system. 

Figure  1  shows  -the  photoluminescence  spectrum  at  77  K 
for  a  type  I  GaN  sample.  This  spectrum  shows  only  the  band- 
gap  luminescence  at  3.47  eV.  At  the  maximum  excitation 
intensity  we  see  no  evidence  of  yellow  luminescence,  sug¬ 
gesting  that  the  concentration  of  midgap  defects  is  very  low. 
The  band-gap  luminescence  was  found  to  vary  linearly  with 
light  intensity  over  two  orders  of  magnitude,  a  result  consis¬ 
tent  with  excitonic  recombination.” 

The  photoluminescence  spectra  of  a  type  II  GaN  sample 
measured  at  100%  and  1%  of  the  incident  laser  light  is 
shown  in  Fig.  2.  It  is  apparent'from  these  data  that  charac¬ 
terizing  the  quality  of  the  material  by  the  ratio  of  the  mag¬ 
nitude  of  the  band-gap  luminescence  to  the  midgap  lumines¬ 
cence  is  not  correct,  since  the  ratio  depends  on  the  excitation 
intensity.  Thus,  it  is  quite  important  to  take  the  excitation 
intensity  into  account  when  analyzing  any  PL  spectra  for  this 
material. 

Figure  3  illustrates  the  intensity  dependence  of  the  band- 
gap  and  midgap  luminescence  peaks  of  the  type  If  GaN 
sample.  The  band-gap  luminescence  depends  linearly  on 
light  intensity  as  for  type  I  samples.  However,  the  midgap 
luminescence  was  found  to  have  a  light  intensity  dependence 
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FIG.  3.  Plot  of  the  PL  intensity  vs  the  percentage  excitation  for  the  band-gap 
and  midgap  luminescence. 


as  shown  in  the  figure.  It  initially  increases  with  light  inten¬ 
sity  at  low  excitation  levels  and  then  tends  to  saturate  as  the 
excitation  intensity  is  increased  further. 

The  observed  dependence  on  light  intensity  can  be  quali¬ 
tatively  accounted  for  in  the  simple  recombination  model 
illustrated  in  Fig.  4.  We  assume  that  the  states  responsible  for 
the  yellow  luminescence  form  a  broad  band  of  a  total  density 
^im»x-  Shown  in  the  figure  are  also  the  lifetimes  for  the  vari¬ 
ous  recombination  paths  and  the  densities  Nj  and  of  the 
occupied  states  in  the  defect  and  conduction  bands,  respec¬ 
tively.  If  G  (cm“^  s“*)  is  the  generation  rate  then  the  rate  of 
change  of  and  N2  given  by  the  equations 


^2  ^2  f^2  _N2  A’l 

dt  T20  Tti '  dt  T21  Tio 


Under  steady-state  conditions,  i.e.,  when  the  recombina¬ 
tion  lifetimes  are  smaller  or  comparable  to  the  duration  of 
the  excitation  pulse,  Eqs.  (1)  become 


_N2  N2  .  N2  _Ni 
^20  Til  ’  ^21  "10 


The  band-gap  luminescence  and  the  midgap  lumi¬ 
nescence  (/„j|)  are  given  by  the  expressions; 


c 


2  2.2  2.4  2.6  2.8  3  3.2  3.4 

Energy  (eV) 


FIG.  2.  PL  spectra  from  type  11  samples  at  two  different  exciution  levels. 


FIG.  4.  Schematic  of  the  proposed  recombination  model. 
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G  T-.) 


’’20  (  ^2i  “20) 


G  Tig 


(  Tt)  +  7iq) 


(3) 


We  assume  that  the  recombination  lifetimes  tiq  and  r,o 
are  constants  while  tij  depends  on  light  intensity.  More  spe¬ 
cifically  the  value  of  Tt,  can  be  expressed  in  terms  of  the  low 
light  intensity  recombination  lifetime  as'* 


iV 


Imax 


'21  ■ 


From  Eqs.  (3)  and  (4)  we  get 

^  max  ■’'21 

'''’"'^lmaxr21  +  (^.max'Afl)'20  ’ 

GT2o(Af)n,3,-A/'i) 

^  ^tmax'’'21  ■’’aoC^lmax  —  ^l) 

Case  I:  Low  light  intensity,  i.e., 


(4) 


(5) 


Crji 


Ct20 


(6) 


’■20+^21'  ^20+ ’’21 

Hence,  in  this  case  the  yellow  and  the  band-gap  lumi¬ 
nescence  increase  proportionally  to  the  incident  light  inten¬ 
sity. 

Case  II:  High  light  intensity,  i.e.,  =  the  first  of 

Eqs.  (5)  gives 

/gap“^;-  (7a) 

On  the  other  hand,  the  yellow  luminescence  is  governed 
by  the  recombination  time,  tiq.  Thus  from  Eqs.  (2)  and  (3), 


J. 


N 


Imax 


y«i 


^10 


‘Const. 


(7b) 


Equations  (6)  and  (7)  account  qualitatively  for  the  experi¬ 
mental  results  for  Fig.  3. 


Although  this  model  does  not  take  into  account  the 
change  in  the  number  of  traps  and  recombination  centers  due 
to  the  shift  in  the  quasi-Fermi  levels  as  excitation  intensity  is 
changed,'*  it  is  sufficient  to  explain  the  saturation  of  the 
yellow  PL  from  GaN.  It  would  help  further  to  have  informa¬ 
tion  about  the  recombination  lifetimes  of  caniers  to  compute 
the  exact  number  of  midgap  states. 

In  conclusion,  we  have  determined  the  light  intensity 
dependence  of  the  band-gap  and  midgap  luminescence  in 
GaN  films  grown  by  electron  cyclotron  resonance  assisted 
molecular  beam  epitaxy.  As  expected  the  band-gap  lumines¬ 
cence  varies  linearly  with  the  light  intensity  but  the  midgap 
luminescence  initially  increases  and  then  saturates  at  higher 
light  intensities.  The  data  show  the  importance  of  relating 
7yci/7gap  to  the  generation  rate  employed  during  the  measure¬ 
ment  for  the  purposes  of  comparing  samples  on  the  basis  of 
PL  spectra.  It  further  illustrates  that  samples  grown  at  higher 
microwave  power  have  higher  concentration  of  midgap  de¬ 
fects,  which  accounts  for  the  observed  compensation  in  the 
transport  coefficients. 
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ABSTRACT 

The  microstructures  of  GaN  films,  grown  on  (001)  and  (111)  Si  substrates,  by  a 
two-step  method  using  ECR-MBE,  were  studied  by  electron  microscopy  techniques. 
Films  grown  on  (001)  Si  had  a  predominantly  zinc-blende  structure.  The  GaN  buffer 
layer,  grown  in  the  first  deposition  step  accommodated  the  17%  lattice  mismatch  between 
the  film  and  substrate  by  a  combination  of  misoriented  domains  and  misfit  dislocations. 
Beyond  the  buffer  feyer,  the  film  consisted  of  highly  oriented  domains  separated  by 
inversion  domain  boundaries,  with  a  substantial  decrease  in  the  defect  density  away  from 
the  interface.  The  majority  of  defects  in  the  film  were  stacking  faults,  microtwins  and 
localized  regions  having  the  wurtzitic  structure.  The  structure  of  the  GaN  films  grown  on 
(1 1 1)  Si  was  found  to  be  primarily  wurtzitic,  with  a  substantial  fraction  of  twinned  zinc- 
blende  phase.  Occasional  wurtzitic  grains,  misoriented  by  a  30°  twist  along  the  [0001]  axis 
were  also  observed. 
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INTRODUCTION 


GaN  films  are  currently  being  investigated  in  a  number  of  laboratories  due  to  their 
potential  for  applications  in  opto-electronic  devices  as  well  as  high  temperature  and  high 
frequency  electronics.^  These  applications  require  the  successful  growth  of  high-quality 
crystals  of  GaN  which  can  be  intentionally  doped  n-  and  p-type. 

Due  to  the  lack  of  a  native  substrate,  GaN  has  been  grown  heteroepitaxially  on  a 
variety  of  substrates  by  a  number  of  vapor-phase  methods.^-^  Such  heteroepitaxial  growth 
leads  to  defects  due  to  the  differences  in  the  lattice  constant,  thermal  expansion  coefficient 
and  polarity  between  the  substrate  and  film.  Recently,  significant  improvements  in  the 
quality  of  heteroepitaxially  grown  GaN  films  have  been  achieved  by  using  AIN^  and 
GaN^'^  buffers,  which  promote  lateral  growth,  improving  the  surface  morphology  as  well 
as  the  optical  and  electronic  properties  of  the  films. 

The  thermodynamically  stable  phase  of  this  material  is  a-GaN,  which  has  the  HCP 
wurtzitic  structure.  However,  epitaxial  stabilization  of  P-GaN,  having  the  FCC  zinc- 
blende  structure,  has  been  recently  achieved  on  a  number  of  substrates  with  cubic 
symmetry,  including  P-SiC^,  (001)  MgO^,  (001)  GaAs^O  and  (001)  SiH.  The  epitaxial 
stabilization  of  P-GaN  implies  that  the  cohesive  energy  of  wurtzitic  and  zinc-blende  GaN 
are  comparable. 

In  this  paper,  we  report  a  comprehensive  TEM  study  of  the  microstructures  of  GaN 
films  on  (001)  and  (111)  Si  substrates,  deposited  by  the  Electron  Cyclotron  Resonance 
assisted  -  Molecular  Beam  Epitaxy  (ECR-MBE)  method.  A  comprehensive  x-ray 
diffraction  study  of  both  films  as  well  as  a  preliminary  TEM  study  of  the  films  on  (001)  Si 
have  been  recently  reported  elsewhere.^  1^2  jhe  x-ray  diffraction  study  examined  both  in¬ 
plane  and  out-of-plane  orientations  and  concluded  that  the  two  polymorphs  of  GaN  often 
coexist  in  the  same  film. 
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EXPERLMENTAL  DETAILS 


The  details  of  the  thin  film  growth  have  been  reported  elsewhere.'^’^^  Briefly,  the 
GaN  films  were  grown  on  (001)  and  (1 1 1)  Si  substrates  by  the  ECR-MBE  method,  using  a 
Varian  Gen-II  MBE  unit  with  an  AsTeX  model- 1000  ECR  source.  Gallium  was 
evaporated  using  a  conventional  Knudsen  effusion  cell,  while  molecular  nitrogen  was 
passed  through  the  ECR  source  to  produce  atomic  and  ionic  nitrogen.  The  films  were 
deposited  in  two  steps,  which  separated  the  nucleation  and  growth  processes.  Initially,  a 
300A  buffer  layer  of  GaN  was  deposited  at  400°C,  followed  by  the  deposition  of  the  rest  of 
the  film  at  600°C. 

The  surface  morphology  of  the  films  were  examined  using  a  JOEL  JSM  6100 
scanning  electron  microscope  (SEM)  equipped  with  a  Kevex  detector  with  a  Be  window 
for  energy  dispersive  x-ray  spectroscopy  (EDS).  The  samples  were  also  examined  in 
plan-view  and  cross-section  using  a  Phillips  CM-30ST  transmission  electron  microscope 
(TEM)  having  a  point-to-point  resolution  of  0.19  nm  at  300  kV  acceleration  voltage.  The 
plan-view  samples  were  thinned  to  perforation  from  the  substrate  side  only,  leading  to 
TEM  observations  of  the  top  regions  of  the  films. 


RESULTS  AND  DISCUSSION 

GaN  Films  on  (001 )  Si 

Figure  la  is  a  SEM  micrograph  of  the  surface  of  a  GaN  film  grown  on  (001)  Si 
showing  a  tile-like  morphology.  It  has  been  previously  reported  that  the  edges  of  the  'tiles’ 
are  oriented  along  the  <110>  directions,  presumably  due  to  the  lower  surface  energy  of 
{110}  surfaces  due  to  a  lower  number  of  broken  bonds.  ^  ^  Figure  2a  shows  a  brightfield 
TEM  micrograph  of  th^film  in  cross-section.  The  buffer  layer  is  marked  in  the  figure.  It 
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appears  that  the  film  has  a  columnar  morphology.  However,  the  diffraction  pattern  of  the 
film  and  substrate,  shown  in  figure  2b,  confirms  the  epitaxial  growth  of  GaN  in  the  zinc- 
blende  structure,  in  spite  of  the  substantial  lattice  mismatch  of  17%.  The  film  actually 
consists  of  highly  oriented  domains.  TTie  diffraction  pattern  also  confirms  that  the  structure 
is  cubic  (zinc-blende).  Although  the  wurtzitic  phase  of  GaN  has  a  lower  energy,  the  zinc- 
blende  structure  is  stabilized  by  the  cubic  symmetry  of  the  substrate  surface.  The  lattice 
parameter  of  GaN  was  measured  to  be  4.5A,  in  agreement  with  previous  reports.^*^0,ll 

Another  interesting  feature  is  the  presence  of  pits  in  the  Si  at  the  Si/GaN  buffer 
interface,  one  of  which  is  marked  by  an  arrow  in  figure  2a.  These  pits  are  crystallographic, 
with  the  side  walls  corresponding  to  (111)  planes.  These  pits  have  been  observed 
previously  in  (001)  Si  substrates  on  which  SiC  films  were  deposited^^  and  occur  due  to 
vacancy  aggregation  resulting  from  the  diffusion  of  Si  into  the  buffer  layer  along  the  {ill) 
planes. 


Figure  2a  shows  that  certain  domains  are  highly  faulted  while  others  are  relatively 
fault  free.  The  faults  also  lead  to  streaking  in  the  diffraction  pattern  perpendicular  to  the 
fault  planes.  Figure  3  is  a  higher  magnification  micrograph  showing  two  domains  (marked 
as  A  and  B).  While  A  is  faulted  throughout  the  thickness  of  the  film,  B  is  relatively  fault 
free  towards  the  top.  The  two  domains  are  separated  by  a  boundary  marked  by  arrows. 
Such  boundaries  have  been  previously  reported  in  similar  zinc -blende  structures  and  have 
been  identified  as  inversion  domain  boundaries  (IDB).^'^T6  These  boundaries  arise  during 
impingement  of  two  nuclei,  that  start  with  a  Ga  and  N  layer  respectively,  causing  bonding 
between  like  atoms  across  the  boundary.  Thus,  the  tile-like  morphology,  evident  in  figure 
la  consists  of  highly  oriented  domains,  separated  by  ( 1 10}  inversion  domain  boundaries. 

In  general,  the  domains  are  highly  faulted  near  the  interface,  with  the  fault  density 
decreasing  away  from  the  interface.  Figure  4  is  a  high  resolution  TEM  micrograph  of  an 
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upper  region  of  a  domain  showing  the  various  types  of  faults  in  the  film.  The  majority  of 
the  faults  away  from  the  interface  are  along  the  {111}  planes  and  can  be  identified  as 
stacking  faults  (marked  as  S),  microtwins  (marked  as  T)  and  hexagonal  regions  (marked  as 
H).  Such  faults  are  known  to  occur  in  FCC  materials  having  a  low  stacking  fault  energy. 
Since  there  is  evidence  that  the  cohesive  energies  of  the  two  polymorphs  of  GaN  are 
comparable,  the  formation  energy  of  the  stacking  faults  in  this  material  should  be  small. 

It  has  been  previously  suggested  that  the  wurtzitic  structure  is  nucleated  preferentially  at 
stacking  faults  and  twin  boundaries  of  the  zinc-blende  structure  in  isostructural  InN^^  and 
SiC.20 


Figure  5  is  a  high  resolution  TEM  micrograph  of  the  buffer  region  in  cross 
section.  The  figure  shows  the  buffer  layer  to  be  highly  faulted  and  polycrystalline,  which 
is  expected  since  this  is  where  the  lardce  mismatch  is  accommodated.  The  inset  diffracrion 
pattern  shows  texturing  along  the  [001]  direction  with  a  substantial  number  of  misoriented 
grains.  The  grains  in  the  buffer  layer  also  exhibit  a  substantially  larger  density  of  stacking 
faults,  leading  to  localized  regions  of  wurtzitic  structure  (marked  as  H)  and  twins  (marked 
as  T)  in  figure  5.  The  interface  between  the  buffer  layer  and  the  Si  substrate  appears  to  be 
disordered.  This  has  been  reported  previously,*-^®  and  can  be  attributed  to  a  combination 
of  damage  during  specimen  preparation  and  a  larger  amount  of  disorder  arising  from  the 
relatively  large  mismatch  between  the  two  lattices.  The  interfacial  structure  is  visible  in 
select  areas,  one  of  which,  marked  by  a  circle  in  figure  5,  is  shown  at  a  higher 
magnification.  Periodic  interfacial  misfit  dislocations  can  be  clearly  identified  in  the  figure. 
It  thus  appears  that  the  misfit  is  accommodated  in  the  buffer  layer  by  a  combination  of 
misoriented  grains  and  misfit  dislocations. 

The  misoriented  grains  in  the  buffer  layer  are  cut  off  by  the  oriented  (001) 
domains  away  from  the  interface.  As  an  example,  one  misoriented  grain,  marked  as  A  in 


5 


figure  5,  is  close  to  the  (1 1 1)  orientation.  Since,  the  (111)  grain  grows  more  slowly  than 
the  (001)  domains,  it  is  buried  in  the  interface  region  as  the  film  grows.  Figure  5  clearly 
shows  that  the  film  deposited  in  the  second  stage  above  the  buffer  layer  is  highly  oriented, 
with  a  substantial  decrease  in  the  fault  density. 

CraN  Films  on  (1 11)  Si 

Figure  lb  shows  the  surface  of  the  GaN  film  grown  on  (111)  Si.  The  tile-like 
morphology  of  the  GaN  film  on  (001)  Si  is  no  longer  evident.  Figure  6  shows  a  plan-view 
brightfield  TEM  micrograph  of  the  film.  The  figure  shows  the  presence  of  domains,  which 
are  highly  oriented  as  seen  by  the  inset  diffraction  pattern.  X-ray  diffraction  analysis 
showed  the  film  to  be  primarily  wurtzitic  with  a  substantial  fraction  of  zinc-blende 
structure.^  1 '^2  jt  should  be  noted,  however,  that  this  diffraction  pattern  cannot  distinguish 
between  the  two  phases.  These  domains  are  separated  by  boundaries  which  have  been 
identified  as  inversion  domain  boundaries  as  well  as  stacking  faults  arising  from  the 
impingement  of  two  GaN  domains  that  are  rotated  by  60°  around  the  [0001]  axis.  Sitar  et 
al.  have  named  these  boundaries  as  double  positioning  boundaries  (DPB)  and  have 
observed  them  in  a-GaN  films  on  (0001)  sapphire,  SiC  and  ZnO  substrates.-^  Double 
positioning  boundaries  have  also  been  studied  in  cubic  p-SiC  films  on  (0001)  6H-SiC 
substrates. ^^>22  A  more  detailed  analysis  of  the  faults  at  the  boundaries  will  be  presented 
elsewhere.2^ 

Figure  6  shows  the  presence  of  stacking  faults  in  certain  grains  marked  by  arrows. 
Stacking  faults  in  a-GaN  leads  to  localized  regions  of  zinc-blende  structure  in  the  film. 
Figure  7  shows  a  darkfield  micrograph  taken  using  only  a  cubic  reflection,  indicating  the 
distribution  of  the  zinc-blende  structure  in  the  GaN  film.  This  appears  to  be  consistent  with 
the  estimate  of  25%  cubic  phase  by  x-ray  diffraction  analysis.^2,18  -phis  observation  has 
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significant  implications  for  the  optical  and  electronic  properties  of  such  films.  The  optical 
gap  of  wurtzitic  GaN  is  3.4  eV  while  that  of  cubic  GaN  is  3.2  eV.^-^'  The  incorporation 
of  25%  of  the  zinc-blende  phase  in  the  wurtzitic  structure  should  affect  the  optical  gap  as 
well  as  the  transport  and  recombination  phenomena  in  these  films.  Figure  8  shows  that  the 
zinc-blende  phase  appears  to  be  concentrated  within  certain  domains  and  not  randomly 
distributed  throughout  the  film. 

Figure  8a  is  a  brightfield  micrograph  of  the  GaN  film  grown  on  (11 1)  Si  in  cross- 
section.  The  figure  also  shows  the  columnar  morphology  of  the  domains.  Figure  8b 
shows  the  diffraction  pattern  obtained  from  the  film  and  substrate.  Figure  8c  shows  the 
indexed  pattern  (except  for  some  double  diffraction  spots)  showing  the  presence  of  the 
wurtzitic  (marked  as  H)  and  zinc-blende  (marked  as  C)  phases  as  well  as  the  twinned 
variant  of  the  cubic  zinc-blende  structure  (marked  as  T).  The  orientation  relationships  as 
seen  from  the  diffraction  pattern  are  as  follows: 

(1 1  l)Si  II  (11  l)p-GaN  II  (0002)a-GaN  and  [I  lOjSi  II  [T  lOjp-GaN  II  [1 12  0]a-GaN. 

This  orientation  allows  the  alignment  of  the  closest  packed  planes  and  directions  of  all  three 
phases.  The  presence  of  a  substantial  fraction  of  zinc-blende  structure  is  not  surprising  due 
to  the  identical  symmetry  of  the  (0002)  and  (111)  planes  in  the  wunzitic.and  zinc-blende 
structures  respectively,  along  with  the  small  difference  in  the  cohesive  energy  of  the  two 
polytypes. 

Another  interesting  feature  of  these  film  was  the  presence  of  occasional  wurtzitic 
grains  that  were  misoriented  by  a  30°  twist  along  the  [0001]  axis  with  the  rest  of  the 
wurtzitic  grains.  Figures  9a  and  9b  show  a  brightfield  TEM  micrograph  of  such  a  grain 
and  the  corresponding  diffraction  pattern.  Figure  10c  is  a  darkfield  micrograph 
highlighting  the  misoriented  grain.  Figure  10  shows  the  atomic  positions  at  an 
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unreconstructed-interface  between  the  misoriented  GaN  grain  and  the  (111)  Si  substrate. 
The  coincident  (or  near  coincident)  atomic  positions  are  marked  by  circles.  The  figure 
shows  that  every  fourth  N  (or  Ga)  atom  is  in  position  to  directly  bond  with  every  third  Si 
atom  at  the  interface.  This  boundary  would  thus  have  a  lower  energy  than  a  random 
boundary  and  could  explain  the  presence  of  these  misoriented  GaN  grains.  This  is  an 
example  of  a  near  coincidence  boundary  between  two  phases,  discussed  by  Ballufi  et  al.^'^, 
where  Zn  (=4)  Zsi  (=3),  due  to  the  difference  in  the  planar  atomic  densities  of  the  two 
phases.  A  hexagonal  supercell  formed  between  the  two  phases  is  marked  by  bold  lines  in 
the  figure  and  has  a  lattice  parameter  of  6.5A. 


CONCLUSIONS 

The  microstructures  of  GaN  films,  grown  by  a  two-step  method  using  ECR-MBE 
on  (001)  and  (1 1 1)  Si,  was  studied  using  electron  microscopy  techniques.  The  structure  of 
films  grown  on  (001)  Si  was  found  to  be  predominantly  zinc-blende.  The  GaN  buffer 
layer,  grown  in  the  first  deposition  step  was  found  to  be  highly  faulted,  and  accommodated 
the  strain  due  to  lattice  mismatch  between  the  substrate  and  film  by  a  combination  of 
misoriented  domains  and  misfit  dislocations.  Beyond  the  buffer  layer,  the  film  consisted  of 
highly  oriented  domains  separated  by  inversion  domain  boundaries.  There  was  a 
substantial  decrease  in  the  defect  density  away  from  the  interface,  with  the  majority  being 
defects  in  the  stacking  sequence  along  the  {111}  planes,  leading  to  stacking  faults, 
microtwins  and  localized  regions  having  the  wurtzitic  structure. 

The  structure  of  the  GaN  films  grown  on  (111)  Si  was  found  to  be  primarily 
wurtzitic.  However,  a  substantial  fraction  of  twinned  zinc-blend  structure  was  also 
identified  in  the  films.  The  rest  of  film  consisted  of  highly  oriented  wurtzite  domains 
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separated  by  inversion  domain  and  stacking  faults.  Occasional  wurtzitic  grains, 
misoriented  by  a  30°  twist  along  the  [0001]  axis  were  also  observed  in  the  film. 
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LIST  OF  FIGURE  CAPTIONS 


Figure  1.  SEM  micrographs  of  the  surface  of  GaN  film  deposited  on  a)  (001)  Si  and  b) 
(111)  Si. 

Figure  2.  a)  TEM  brightfield  micrograph  of  GaN  film  grown  on  (001)  Si  in  cross-section. 

The  GaN  buffer  layer  as  well  as  the  presence  of  pits  in  the  Si  are  marked  in  the 
figure,  b)  Diffraction  pattern  of  the  interface  showing  the  epitaxial  orientation 
of  zinc-blende  GaN  on  (001)  Si. 

Figure  3.  TEM  brightfield  micrograph  of  GaN  film  grown  on  (001)  Si  in  cross-section, 
showing  two  domains  marked  as  A  and  B,  separated  by  an  inversion  domain 
boundary  marked  by  arrows. 

Figure  4.  High  resolution  TEM  micrograph  of  the  upper  region  of  GaN  film  grown  on 

(001)  Si,  showing  a  stacking  fault,  marked  as  S;  a  microtwin,  marked  as  T;  and 
a  hexagonal  wurtzitic  region  marked  as  H. 

Figure  5.  High  resolution  TEM  micrograph  of  the  buffer  region  of  GaN  film  grown  on 
(001)  Si.  The  inset  diffraction  pattern  shows  that  although  there  is  a  (001) 
texturing  in  the  buffer  layer,  there  are  a  significant  number  of  misoriented 
grains.  The  presence  of  wurtzitic  regions  and  microtwins  are  marked  by  H  and 
T  respectively.  Although  the  interface  between  the  buffer  and  Si  appears  to  be 
highly  disordered,  lattice  planes  can  be  seen  up  to  the  interface  in  a  few  areas, 
one  of  which  is  marked  by  a  circle.  A  magnified  micrograph  of  the  marked 
region  shows  the  presence  of  misfit  dislocations  at  the  interface. 

Figure  6.  Plan-view  brightfield  TEM  micrograph  of  GaN  film  grown  on  (1 1 1)  Si, 

showing  the  presence  of  domains.  Grains  with  stacking  faults  are  marked  by 
arrows,  indicating  the  presence  of  the  cubic  phase.  The  diffraction  pattern 
shows  that  the  film  is  highly  oriented  and  has  a  hexagonal  symmetry  common 
to  the  (0002)  and  (111)  planes  of  wurtzitic  and  zinc-blende  structures. 

Figure  7.  Darkfield  TEM  micrograph  of  GaN  film  grown  on  (111)  Si,  using  a  cubic 
reflection,  highlighting  the  zinc-blende  phase  in  the  material. 


Figure  8.  a)  TEM  brightfield  micrograph  of  GaN  film  grown  on  (1 1 1)  Si  in  cross-section, 
showing  columnar  morphology  of  the  domains,  b)  Diffraction  pattern  of  the 
interface,  c)  Indexed  diffraction  pattern  showing  presence  of  wurtzitic  phase 
(H)  as  well  as  zinc-blende  phase  (C)  that  is  twinned  (T),  along  with  the 
reflections  from  the  Si  substrate  (Si). 

Figure  9.  a)  TEM  brightfield  micrograph  of  a  wurtzitic  grain  in  GaN  film  grown  on  (1 1 1) 
Si.  b)  Selected  area  diffraction  pattern,  showing  a  30°  twist  about  the  [0{X)1] 
axis  with  respect  to  the  surrounding  grains,  c)  Darkfield  micrograph 
highlighting  the  misoriented  grain. 

Figure  10.  Interfacial  structui'e  of  the  misoriented  grain/Si  substrate.  The  coincident  or  near 
coincident  atomic  positions  at  the  interface  is  marked  by  circles.  A  hexagonal 
supercell  with  a  lattice  parameter  of  6.5A  is  also  marked  by  bold  lines  in  the 
figure. 
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ABSTRACT 

A  comparative  study  of  the  effects  of  hydrogen  in  n-type  (unintentionally  and  Si  doped)  as 
well  as  p-type  (Mg-doped)  MBE-grown  GaN  is  presented.  Hydrogenation  above  .a00‘"C  reduces 
the  hole  concentration  at  room  temperature  in  the  p-type  material  by  one  order  of  magnitude. 
Three  different  microscopic  effects  of  hydrogen  are  suggested;  Passivation  of  deep  defects  and  of 
Mg-acceptors  due  to  formation  of  hydrogen-related  complc.xcs  and  the  introduction  of  a  hydrogen- 
related  donor  state  100  meV  below  the  conduction  band  edge. 


LNTRODUCTION 

The  effects  of  hydrogen  oii  the  electronic  and  vibrational  properties  of  various  semiconductors 
have  been  studied  extensively  [1].  In  elemental  semiconductors,  one  observes,  e.g.,  the  passivation 
of  deep  defects  (dangbng  bonds)  in  amorphous  silicon,  resulting  in  a  decrease  of  the  subgap  ab¬ 
sorption,  or  the  passivation  of  dopant  atoms  such  as  boron  or  phosphorous,  resulting  in  a  decrease 
of  the  carrier  concentration.  In  recent  years,  these  studies  have  been  extended  to  compound  semi¬ 
conductors,  but  have  been  mostly  restricted  to  the  Ga.Us/Al.Us  system  and  laP.  With  respect  to 
the  possible  effects  of  hydrogen  wide-bandgap  III-V  and  1I-\T  semiconductors  like  GaN  and  ZnSe 
have  only  recently  received  attention.  This  interest  has  been  triggered  by  an  intriguing  difficulty 
to  achieve  p-type  doping  in  films  grown  with  one  particular  growth  technique.  In  both  the  II-Vl 
and  111-V  systems  it  is  found  that  metal-organic  chemical  vapor  deposition  (MOCVD)  is  unable 
to  produce  p-type  material,  while  molecular-beam  epitaxy  appears  to  easily  grow  p-type  samples. 
This  behaviour  has  been  linked  to  the  presence  of  hydrogen  in  the  gas  phase  during  MOCVD 
growth,  which  might  lead  to  the  formation  of  acceptor-hydrogen  complexes.  Indeed,  in  the  case 
of  N-doped  p-type  ZnSe,  the  ob.servation  of  N-H  local  vibrational  modes  in  MOC\'D  material 
strongly  supports  this  assumption  [2]. 

In  this  contribution,  we  report  on  continuing  studies  of  the  effects  of  hydrogen  in  both  n- 
type  (unintentionally  doped,  sometimes  called  autodoped,  and  Si-doped)  and  p-type  (Mg-doped) 
GaN.  In  p-type  samples  grown  by  MOCA'D,  acceptor  dopants  have  to  be  activated  by  either  a 
low-energy  electron  beam  irradiation  or  by  a  thermal  annealing  step  [3].  .Again,  the  formation 
of  accceptor-hydrogen  complexes  under  the  abundant  presence  of  hydrogen  has  been  suggested 
as  the  origin  for  the  necessity  of  a  post-growth  process.  We  therefore  use  MBE-grown  GaN  and 
deliberately  introduce  hydrogen  by  remote-plasma  hydrogenation  to  study  the  effects  of  hydrogen 
in  this  III-V  compound. 

SAMPLE  GROWTH  AND  ANALYTICAL  PROCEEDURES 

Wurtzite  GaN  epilayers  were  grown  on  (0001)  sapphire  substrates  by  ECR-assisted  MBE  [4]. 
Gallium  and  the  dopant  elements  (Mg  and,  for  intentional  n-type  doping.  Si)  were  evaporated 


4 


4 


Si-doped 

(n-type) 


io” 


E 


Ml 

c 

•o 

w 

« 

t 

u 


10^® 


T 


Mg-doped 
(H2  anneal) 


Mg-doped 

(p-type) 


autodoped 

(n-type) 


GaN 

Hydrogenation  (H,  1hr) 

_ I _ I _ I _ I _ I _ I _ L 


as 

grown 


200 


400  600 


Hydrogenation 
Temperature  (°C) 


Figure  1;  Dependence  of  the 
carrier  concentration  on  hy¬ 
drogenation  temperature  in 
epitaxial  layers  of  GaN. 


from  conventional  Knudsen  cells,  while  nitrogen  radicals  were  produced  by  passing  molecular 
nitrogen  through  an  ECR  source  at  a  pressure  of  10“"*  Torr.  A  microwave  power  of  35  VV  or 
higher  was  used  for  the  growth  of  semi-insulating  GaN  films.  Prior  to  the  growth  of  the  GaN 
epilayer,  the  substrates  were  exposed  to  the  N-plasma  for  30  min  to  form  an  AIN  layer.  A 
further  GaN  buffer  layer  was  then  grown  at  500°C  followed  by  the  high-temperature  growth  of 
the  actual  film  at  S00°C  at  a  growth  rate  of  200-2.50  nm/hr.  Hydrogenation  was  performed  with 
a  remote  microwave  plasma  operating  at  2  Torr.  This  technique  excludes  effects  due  to  charged 
particle  bombardment  of  the  sample  or  its  illumination  from  the  plasma.  A  high  temperature 
sample  holder  allowed  hydrogenation  at  temperatures  up  to  675°C.  The  films  were  electrically 
characterized  in  a  standard  Hall-effect  apparatus,  with  the  samples  abrasively  etched  into  a  clover- 
leaf  shape.  For  ohmic  contacts  Au  was  deposited  on  p-type  GaN  and  A1  on  n-type  material.  Depth 
profiles  were  determined  from  secondary  ion  mass  spectroscopy  (SlMS),  with  a  Cs"*"  primary 
ion  beam  for  the  detection  of  hydrogen/deuterium  and  Si  and  an  0"  primary  beam  for  Mg. 
Calibration  of  the  SIMS  data  was  achieved  with  Mg  and  deuterium-implanted  GaN  reference 
samples.  To  increase  the  sensitivity,  the  GaN  samples  for  SIMS  were  treated  with  a  plasma 
containing  deuterium  instead  of  hydrogen.  The  photoluminescence  measurements  were  performed 
with  a  pulsed  N2  laser  as  the  excitation  source  (3.678  eV). 


RESULTS 

Figure  1  show-s  the  carrier  concentration  at  room  temperature  for  three  differently  doped  sam¬ 
ples  subjected  to  isochronal  (Ihr)  hydrogenation.  The  n-type  samples  are  completely  uneffected 
by  the  hydrogenation,  however  the  p-type  sample  shows  a  significant  decrease  in  the  hole  concen¬ 
tration  after  hydrogenation  at  T>  500°C.  The  mobility  in  all  three  cases  remained  unchanged 
after  hydrogenation  at  typically  50  cm^/Vs  (autodoped),  10  cm^/Vs  (Si-doped)  and  0.3  cm^/Vs 
(Mg-doped).  A  control  experiment  on  the  p-type  sample  is  included  in  "^ig.  1,  where  the  mi- 
crow'ave  plasma  was  switched  off  during  the  post-growth  treatment  demonstrating  that  exposure 
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to  molecular  hydrogen  at  temperatures  up  to  600°C  does  not  affect  the  hole  concentration. 

Secondary-ion  mass  spectrosopy  is  used  to  verify  the  introduction  of  hydrogen  into  the  mate¬ 
rial.  In  addition,  together  with  the  carrier  concentrations  determined  in  Fig.  1  the  measurement  of 
the  dopant  concentrations  allows  the  determination  of  the  doping  efficiencies  in  Si-  and  Mg-doped 
GaN.  Figure  2  shows  the  H-  and  Mg-depth  profiled  for  p-type  GaN.  An  average  Mg-concentration 
of  10^°cm~^  is  found,  which  indicates  a  very  high  doping  efficieny  of  about  109^.  The  average 
hydrogen  concentration  is  about  the  same  as  the  Mg-concentration.  The  slight  decrease  in  H- 
concentration  up  to  a  depth  of  0.7/xm  could  be  due  to  a  diffusion  process.  The  steep  decrease  in 
the  concentration,  however,  coincides  with  the  doping  inhomogeneity  visible  in  the  Mg-profile  at 
0.9pm.  The  high  Mg-concentration  at  the  substrate  interface  might  be  due  to  outdiffusion  of  Mg 
from  doped  GaN  layers  deposited  on  the  substrate  holder  during  previous  depositions. 

A  similar  comparison  of  the  dopant  and  deuterium  depth  profiles  is  given  for  Si-doped  n-type 
GaN  in  Fig.  3.  The  average  Si-concentration  is  about  4  x  10^°cm“^,  the  doping  efficiency  of 
several  percent  is  therefore  slightly  lower  than  in  the  p-ty^e  material.  Two  hydrogen  profiles 
are  included  in  Fig.  3.  It  becomes  obvious  that  after  hydrogenation  at  600°C.  the  hydrogen 
concentration  levels  at  2  X  10^°cm“^,  independent  of  the  local  Si  concentration,  which  is  found 
to  vary  throughout  the  sample. 

The  hydrogen  concentration,  after  the  same  passivation  step,  incorporated  in  the  unintention¬ 
ally  (autodoped)  material  is  about  one  order  of  magnitude  lower  than  in  Si-doped  material  (Fig. 
4),  and  has  a  constant  concentration  profile.  Comparing  the  hydrogen  concentrations  in  the  three 
differently  doped  samples  we  find  that  the  hydrogen  incorporation  is  not  just  limited  by  factors 
like  solubility,  but  does  indeed  depend  on  the  type  and  concentration  of  the  dopant  present. 

Further  information  on  the  effects  of  hydrogen  in  GaN  were  obtained  from  photolumines¬ 
cence  (PL).  In  Fig.  .5,  a  comparison  is  shown  between  the  photoluminescence  of  Mg-doped  and 
autodoped  samples,  both  before  and  after  hydrogenation  at  600°C.  The  two  dominant  PL-lines  in 
the  as-grown  samples  are  the  exciton  line  at  3.41  eV  and  the  Mg-acceptor  related  line  at  3.25  eV, 
with  its  tW'O  phonon  replicas.  After  hydrogenation,  these  lines  are  stiU  observed  in  the  respective 
samples,  but  a  quantitative  comparison  of  signal  heights  is  difficult.  In  the  autodoped  sample, 
the  hydrogenation  led  to  a  complete  quenching  of  the  defect  related  line  at  2.3  eV  [5].  In  addition 
to  these  known  PL  lines,  a  new  PL  line  at  3.35  eV  appears  after  hydrogenation  in  both  samples, 
which  has  not  been  previously  reported  in  GaN. 


Figure  3;  Depth  profiles  of  hy¬ 
drogen  and  silicon  in  n-type 
GaN  determined  by  SIMS. 
The  hydrogen  profiles  have 
been  obtained  on  two  identi¬ 
cal  samples  treated  at  differ¬ 
ent  passivation  temperatures. 


A  similar  hydrogen-related  study  on  p-type  GaN  has  already  been  performed  by  Nakamura 
and  coworkers  [6].  However,  there  are  various  significant  differences  to  the  results  reported  here. 
Nakamura  used  MOCVD  grown  samples,  which  were  LEEBI-treated  to  obtain  p-type  conductiv¬ 
ity.  In  our  case,  the  MBE  gown  films  are  p-type  without  any  need  for  a  post-growth  treatment. 
Nakamura  used  an  NH3  ambient  for  hydrogenation  and  had  to  rely  on  the  thermal  decomposition 
of  the  molecules  on  the  surface  of  the  film  to  obtain  atomic  hydrogen.  Our  experiments,  in  w'hich 
the  .atomic  hydrogen  is  produced  in  a  remote  plasma,  therefore  show  that  the  hydrogenation  tem¬ 
perature  of  500®C  is  indeed  typical  for  the  materialj  and  not  just  for  the  NH3  cracking  process. 
Details  of  the  photoluminescence  results  also  differ.  Nakamura  et  al.  saw  an  increase  in  a  possibly 
defect-related  PL  band  centerd  at  1.65  eV  after  their  ammoniation  treatment.  No  indication  for 
such  a  PL  line  is  visible  in  our  spectra.  The  remote  hydrogen  plasma  used  in  our  hydrogenation 
technique  therefore  does  not  lead  to  defect  formation  detectable  in  PL.  In  fact,  the  quenching  of 
the  defect-related  line  at  2.3  eV  for  the  n-type  sample  (Fig.  5)  shows  that  hydrogen  can  passivate 
this  deep  defect  state,  most  probably  by  a  complex  formation  process.  VVe  can  conclude  that 
in  the  experiments  presented  here,  no  compensation  due  to  deep  defect  formation  takes  place. 
Ihe  observed  changes  in  the  hole  concentration  therefore  appear  to  arise  from  compensation  by 
shallow  donor  states  created  by  the  incorporation  of  hydrogen,  or  by  a  Mg-H  complex  formation. 

A  donor-like  state  related  to  the  introduction  of  hydrogen  would  indeed  be  consistent  with 
both  the  Hall  data  and  the  photoluminescence  experiments.  Under  this  assumption,  the  position 
of  the  new  PL  line  100  meV  below  bandgap  would  indicate  the  energy  level  of  this  new  donor 
state.  One  has  then  to  rationalize  that  the  introduction  of  hydrogen  into  the  n-type  samples  does 
not  change  the  effective  electron  concentration,  as  visible  in  Fig.  1.  The  SIMS  data  reveal  about 
lO'^cm  ^  and  10^°cm  ^  hydrogen  in  the  autodoped  and  in  the  Si-doped  samples.  respecti\ely, 
after  hydrogenation,  thereby  giving  an  upper  limit  for  the  additional  donor  concentration  in  these 
samples.  Only  1/100  of  these  would  be  thermally  activated  at  room  temperature,  leading  to  an 
added  electron  concentration  well  below  the  Hall  concentrations  measured  for  the.se  samples  which 
would  be  difficult  to  detect. 

The  presence  of  Mg-H  comple.xes,  which  would  passivate  the  acceptors  in  contrast  to  compen¬ 
sation  as  discussed  above,  would  be  shown  by  the  observation  of  a  local  vibrational  mode  of  such 


Figure  4:  Depth  profiles  of 
hydrogen  in  unintentionally 
(autodoped)  n-type  GaN  de¬ 
termined  by  SIMS. 


a  complex,  as  has  been  achieved  for  the  N-H-complex  in  ZnSe.  Preliminary  Raman  and  infrared 
studies  on  the  samples  studied  here  indeed  show  such  modes  in  the  vicinity  of  2200cm“'  when 
Mg  concentrations  above  lO'^cm"^  are  present  in  the  samples  [7].  No  indication  for  Si-H,  C-H 
and  N-H  vibrational  modes  has  been  found,  however.  Details  of  these  results  will  be  subject  to 
a  future  publication. 

The  observation  of  both  the  new  PL  line  in  n-  and  p-type  sam.ples  and  of  the  LVM  of  Mg-H 
complexes  in  p-type  material  suggests  that  hydrogen  can  have  various  effects  on  the  properties  of 
GaN.  Indeed,  in  the  p-type  sample  one  has  to  conclude  from  vibrational  spectroscopy  and  the  PL 
measurements  that  both  effects,  the  compensation  and  the  passivation,  are  present,  although  from 
the  relative  intensities  of  the  PL  line  at  3.35  eV  in  the  p-type  and  autodoped  samples  one  might 
expect  that  the  hydrogen-donor  state  concentration  is  small  in  the  p-type  material.  However,  the 
chemistry  of  hydrogen  in  GaN  is  clearly  a  challenging  subject  [8],  which  will  require  considerably 
more  experimental  and  theoretical  work. 


SUMMARY 

VVe  have  presented  a  comparative  study  of  the  effects  of  hydrogen  in  n-  and  p-type  MHti-grown 
GaN.  We  find  that  the  hole  concentration  in  Mg-doped  samples  can  be  significantly  reduced  by 
hydrogenation  above  500°C.  The  electron  concentration  in  autodoped  and  Si-doped  material  is 
unaffected  by  hydrogenation.  The  observation  of  a  new  photoluminescence  line  at  3.35  eV  in  both 
n-  and  p-type  samples  suggests  that  hydrogen  has  a  donor-like  state  in  GaN.  The  defect- related 
PL  line  at  2.3  eV  can  be  effectively  quenched  by  hydrogenation,  which  indicates  defect-hydrogen 
complex  formation.  As  a  third  effect  of  hydrogen  in  GaN,  Mg-H  complexes  are  observed  in 
vibrational  spectroscopy. 
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ABSTRACT 

Reactive  ion  etching  of  GaN  grown  by  eleclron-cyclotron-resonance,  mi¬ 
crowave  plasma-assisted  molecular  beam  epitaxy  on  (0001)  sapphire  sub¬ 
strates  was  investigated.  A  variety  of  reactive  and  inert  gases  such  as  CCIjFj, 
SFe,  CF4,  H2/CH4  mixtures.  CFsBr.  CFaBr/Argon  mixtures  and  Ar  were 
investigated.  From  these  studies  we  conclude  that  of  the  halogen  radicals 
investigated.  Cl  and  Br  etch  GaN  more  effectively  than  F.  The  etching  rate 
was  found  to  increase  with  decreasing  pressure  at  a  constant  cathode  voltage, 
a  result  attributed  to  larger  njean  free  path  of  the  reactive  species. 

INTRODUCTION 

The  family  of  refractory  nitrides  (In.N,  GaN,  AIN),  their  solid  solutions 
and  hctcrojunctions  are  one  of  the  most  promising  families  of  electronic  ma¬ 
terials.  All  three  binary  compounds  are  direct  bandgap  semiconductors  with 
energ.v  gaps  covering  the  region  from  1.9.5cV  (InN)  and  3.4eV  (Ga.N)  to 
6.28e\'  (AIN).  These  materials  should  find  applications  in  optical  devices 
(LED’s  lasers,  detectors)  operating  in  the  green-blue-UV  parts  of  the  elec¬ 
tromagnetic  spectrum.  Due  to  their  unique  physical  properties,  the  materials 
are  also  expected  to  find  applications  in  high  temperature,  high  power,  and 
high  frequency  electronic  devices.  However,  the  fabrication  of  such  devices 
requires  the  development  of  a  number  of  device  processing  techniques,  in¬ 
cluding  reactive  ion  etching. 

There  arc  limited  reports  in  the  literature  regarding  etching  of  GaN  (1-4). 
Pankove  (1)  reported  that  GaN  dissolves  in  hot  alkali  solutions  at  very  slow 
rates,  and  thus,  wet  etching  is  not  practical  for  this  strongly  bonded  material. 
Foresi  [2]  reported  the  reactisr  ion  etching  of  GaN  grown  on  the  R-plane  of 


sapphire  using  CCI2F2,  and  Adesida  [3]  reported  the  etching  of  GaN  using 
SiCl^.  Pearton  [4]  investigated  ECR  microwave  discharges  for  the  etching  of 
GaN,  InN  and  AIN. 

In  this  paper  we  report  on  reactive  ion  etching  studies  of  GaN  grown  on 
(0001)  sapphire  substrates  using  a  variety  of  reactive  and  inert  gases.  The 
effect  of  pleisma  parameters  on  etch  rate,  morphology  and  selectivity  were 
investigated. 

EXPERIMENTAL  METHODS 

The  GaN  films  were  grown  onto  (0001)  sapphire  substrates  by  the  method 
of  electron-cyclotron-resonance  microwave  plasma-assisted  molecular  beam 
epitaxy  (ECR-MBE)  using  a  two  temperature  step  growth  process  [5,6].  In 
this  method  a  GaN  buffer  is  grown  first  at  low  temperature  (500°C)  and  the 
rest  of  the  film  is  grown  at  higher  temperatures.  This  process  was  shown 
[5,6]  to  lead  to  high  lateral  growth  rate  resulting  in  a  layer  by  layer  growth. 
The  films  have  the  wurlzite  structure  with  the  c-axis  perpendicular  to  the 
substrate.  Although  the  films  were  not  intentionally  doped  they  were  found 
to  be  n-type  with  carrier  concentrations  in  the  order  of  10'*cm"^,  due  pre¬ 
sumably  to  nitrogen  vacancies. 

The  ion  etching  of  the  Ga.N  films  was  carried  out  in  a  parallel  plate  reactor 
supplied  with  13.5  MHz  RF  power.  Various  patterns  were  formed  on  the  top 
of  the  GaN  films  with  AZ  13-50  J  photoresist.  Various  reactive  and  inert 
ga.scs  were  employed.  The  dcptli  of  the  profile  of  the  etches  was  determined 
by  a  profilometer  or  by  directly  measuring  the  thickness  by  a  cross-sectional 
SEM  image.  The  quality  of  the  etch  morphology  was  also  assessed  by  SEM 
imaging. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

First  the  etching  rate  from  different  reactive  and  inert  gases  was  investi¬ 
gated.  To  compare  the  result.s  the  etching  was  carried  out  at  the  same  gas 
pressure  (llmT)  and  the  same  cathode  voltage  (600V).  The  results  are  listed 
in  Table  I. 


Table  I.  Etching  rates  of  GaN  (llmT  and  600V  cathode  voltage.) 


Gas 

Etching  Rate  (A/min) 

CCIjF, 

185 

CFaBr 

150 

CFaBr/Ar  (3:1) 

200 

CF, 

120 

SFe 

100 

Hj/CH,  (2:1) 

30 

Ar 

65 

From  these  results  it  is  apparent  that  F  is  a  less  efficient  etchant  of  GaN 
than  the  other  halogen  radicals  Cl  and  Br.  Etching  by  hydrogen  radicals 
and  physical  sputtering  arc  c\Tn  less  efficient  processes.  Nevertheless,  the 
mixture  of  a  certain  percentage  of  Ar  in  CFaBr  improves  the  etching  rale  of 
the  reactive  gas. 

The  effect  of  gas  pressure  on  the  etching  rate  of  GaN  was  investigated  by 
using  CFaBr/Ar  (3:1)  and  a  constant  cathode  voltage  of  600V.  The  results 
arc  shown  in  Figure  1. 
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Fig.  1  Etch  rate  of  GaN  vs.  the  pressure  of  CFjBr/Ar  (3:1)  at  a  constant  cathode 
bia-s  of  600V. 


Fig.  '2  A  typical  etch  profile  of  GaN  using  CFjBr/Ar  (3:1)  made  under  conditions 
described  in  the  text. 

Wc  observed  that  the  pyramidal  features  in  the  etching  pattern  are  not 
present  when  etching  wa.s  rarrie<l  out  at  5mT.  By  measuring  the  thickness  of 
the  photoresist  prior  to  and  after  etching  the  selectivity  at  5mT  was  found 
to  be  greater  than  3:1  GaN  to  photoresist. 

CONCLUSIONS 

We  report  on  reactive  ion  etcliing  of  Ca.N  grown  onto  (0001)  sapphire. 
Various  reactive  and  inert  ga.ses  were  employed  from  which  it  wais  found 


that  Cl  and  Br  etch  GaN  more  effectively  than  F.  The  effects  of  plasma 
parameters  on  etch  rate  and  surface  morphology  were  investigated  using  a 
CFaBr/Ar  mixture  in  a  3:1  ratio.  Etch  rate  and  surface  morphology-  were 
found  to  improve  at  lower  plasma  pressure,  resulting  in  an  etch  rate  in  excess 
of  400  A/min  at  4.2  mT. 

ACKNOWLEDGEMENTS 

This  work  was  supported  by  the  Office  of  Naval  Research  (grant  no.  N00014- 
92-J  1436). 

REFERENCES 

1.  J.I.  Pankove,  Electrochem.  Soc.  Vol  119,  1110  (1972) 

2.  J.  Foresi,  M.S.  Thesis  (Boston  University,  1991) 

3.  I.  Adesida,  A.  Mahajan,  E.  Andideh,  M.  Asif  Khan,  D.T.  Olsen  and  J.N. 
Kuzna  Appl.  Phy.  Lett.  63  ,  2777  (1993) 

4.  S.J.  Pearton,  C.P.  Abernathy,  F.  Ren.  J.R.  Lothian,  P.W.  Wisk,  A.  Katz, 
and  C.  Constantine,  Semicond.  Sci.  Technol.  Vol  8  pg  310  (1993) 

5.  T.D.  Moustakas,  T.  Lei  and  R.  Molnar.  Physica  B  185  pg  36-49  (1993) 

6.  T.D.  Moustakas  and  R.  .Molnar  .Mat.  Res.  Soc.  Symp.  Proc.  Vol  281 
(1993) 


